methods. The main difference between them is that in the former each measurement is associated with one of the previously created tracks, and in the latter all measurements are used for updating all tracks. In MHT, each measurement is associated with an existing track, or a new track is formed according to some criterion. Instead of only one track configuration several hypothesis are simultaneously formed and maintained as the data associations are not necessarily unique. Likelihoods of the measurements and the posterior hypotheses are calculated, and according to these only the most probable hypotheses are stored. Particle filtering (PF) based data association method can be considered as a generalisation of MHT as every particle represents different data association hypothesis (3) . There have been plenty of papers all over the world discussing target tracking, especially data association methods. However, little study has been reported on specific techniques for radar target tracking from plane position indicator (PPI) radar images produced by incoherent radar. In this paper, starting from the approach followed in Ref. 3 , we propose a novel radar target tracking technique consisting of five steps, which is the kernel for low-cost radar surveillance system. The performance of the overall technique is deeply investigated against two sets of live PPI radar images. This paper is organised as follows. After describing the PF based tracking algorithm, Section 2, and deep investigation against simulated data, Section 3, the overall radar target tracking technique based on PPI radar images is explained in detail in Section 4. Finally, results obtained against two sets of live images are reported in Section 5 showing the performance achievable in a practical application of the proposed technique. Some conclusions in Section 6 close the paper.
ABSTRACT
This paper deals with the problem of radar target tracking in cluttered environment from plane position indicator (PPI) radar images collected by low-cost incoherent radar. For this purpose a new five-step technique is proposed, including background subtraction, clutter suppression, measurements extraction, tracking and data fusion; the tracking step uses a particle filtering based data association method. Radar measurements, including target information and clutter interference，are checked whether it belongs to tracking target by data association with Kalman predicted state. If the measurement is generated by target, target state is updated by Kalman filter, and vice versa the predicted state keeps invariant. Moreover, smoothed tracks are given by Kalman smoothing of filtering results. The performance of the tracking algorithm is deeply investigated against Monte Carlo simulations. Finally, the overall multi-frame-based technique is applied to two sets of live PPI radar images, and the results show the effectiveness of the proposed approach.
INTRODUCTION
The complexity of radar target tracking in clutter environment is that one must solve the problem of data association firstly, deciding which of the received multiple measurements to use to update track or due to clutter. After data association, standard filtering technology can be used for tracking. Methods for solving the data association problems are typically divided into two classes (1, 2) : unique-neighbor data association (such as multiple hypothesis tracking (MHT)) and all-neighbor data association (such as joint probabilistic data association (JPDA)) Then, the weight is normalised as and the effective number of particles is estimated as If n is too low (i.e. n<N/4), perform resampling (6) . For each new particle{w k ' (i) = 1/N, i = 1,…,N}, a random number u~U(0,1) is generated, the smallest index i` is found to satisfy the following equation and set Kalman smoothing (7) is also known as the Rauch-Tung-Striebel (RTS) smoothing. The difference between Kalman filtering and smoothing is that the recursion in filtering moves forward and in smoothing backward. In smoothing, the recursion starts from the last time step.
TRACKING SIMULATION OF DYNAMIC MODEL
The algorithm's effectiveness is proved by tracking a single target in two dimensions with cluttered measurements, and the simulation results are evaluated and analysed.
Dynamic model
The state of the target can be written as where (x k , y k ) is the target's position and (x k , y k ) the velocity in two dimensional Cartesian co-ordinates. A, Q and R in Equation (1) are represented as
PF BASED TRACKING ALGORITHM
The problem of target tracking in clutter environment involves PF based data association and Kalman filtering. The algorithm framework is shown in Fig. 1 . Whether the real-time measurement is produced by the tracking target is judged by data association based on Kalman predicted state. If the measurement belongs to the target, target state is modified by the measurement and updated state is obtained, otherwise the state remains unchanged. Judgment method is based on theory of particle filtering, and the results are represented as a discrete set of samples. Finally, all Kalman filtering results are processed by Kalman smoothing, so smoothed tracks are obtained. Kalman filtering has two steps (4) : the prediction step, where the next state of system is predicted given the previous estimation, and the update step, where the current state of the system is estimated given the measurement at the current time step.
Data association is significant for target tracking in clutter environment, and prerequisite for Kalman state update. Method in this paper is based on the theory of PF. N times of association judgments are stored in variable ind, with the same initial weight for each particle{w k (i) = 1/N, i = 1,…,N}. Association probability for each measurement P = (P tar , P clu ), includes two elements: target associated probability P tar and clutter associated probability P clu , which are computed as follows (5) :
where cp and cd are clutter prior probability and clutter density value, and P lh denotes the Kalman filter measurement likelihood evaluation, which satisfies Gaussian distribution with parameters T and S:
The association probability P is normalised as
Monte Carlo sampling method is used for judgment of whether the measurement is produced by target. A random number u~U(0,1) is produced. If u is less than P* tar , the measurement is determined as target ind k (i) = 1, otherwise it is determined as clutter (ind k (i) = 0). New weight of each particle is computed as;
310
THE AERONAUTICAL JOURNAL MAY 2010 . . . (2) . . .
. . . (4) . . . (5) . . . (6) . . . (7) . . . (8) . . . (9) . . 
Simulation result analysis
In data association, particle number is 10. The value of cp denotes the proportion of clutter in measurements. The higher the value is, the more difficult the tracking is. In Fig. 2 , dash line represents filtering and smoothing results for single target tracking when cp = 0·2, and smoothing estimation is closer to real target track. Fig. 3 shows the tracking results when cp = 0·6, so it can be seen that the algorithm still keeps good performance under strong cluttered condition. Root mean square error (RMSE) for filtering and smoothing results of target's position is calculated using the equation: 
RADAR TARGET TRACKING TECHNIQUE
Low-cost radar surveillance systems have been developed for home security applications (8) or bird-aircraft strike avoidance (9) . The systems consist of a conventional marine radar, a capture card that digitises the radar signals, and a computer that makes processing. The system provides all-weather, day-night, wide-area awareness with automated detection, localisation and warnings of flying birds, vessels and aircrafts etc. in low-altitude airspace.
With the cooperation of Center of Aviation Safety Technology CAAC, a radar experimental surveillance system was developed by in Table 1 . It is likely that RMSEs of filtering and smoothing increase with the increase of cp, and smoothing estimation result is always better than that of filtering. 
APPLICATION TO LIVE PPI RADAR IMAGES
The above technique has been applied to two sets of live PPI radar image data collected by experimental system containing low-altitude targets: more specifically, one set with aircraft and the other with flying bird.
Aircraft tracking
A series of 112 PPI images with measurement range of 0·25 nautical miles (nmi) were at Nanyang Airport, Henan province, central China on 15 October 2008. The tracking target is a 733 passenger aircraft running from runway to the apron. During the tracking of the aircraft target, measurements from vehicles and staff in and around the airport belong to clutter. Figure 5 shows the whole processing of the radar image sequence. Figure 5 (a) is raw radar image dominated by background due to buildings, trees, shoal and dam besides the flying bird target. After subtraction, Fig. 5(b) is obtained with most of the background removed but still large amounts of marginal clutter left. Figure 5(c) is the result after clutter suppression, when high bright domains in the image are our interesting areas. Radar measurements including polar coordinate positions (ρ, θ) and size n are extracted and presented in Table 2 . Among the five groups of given measurements, the third one with the biggest size is the aircraft，which is also labeled in the figure. In the tracking step, new track is initiated due to its big size, and then target measurements are selected and associated to the existing track to update its present state, when clutters are rejected successfully. Figure 5(d) is the fusion image, where target is indicated Beihang University (10) . PPI images collected by the system are processed by radar target tracking scheme shown in Fig. 4 , which is composed of background subtraction, clutter suppression, measurements extraction, PF based target tracking and data fusion.
Background subtraction is the first crucial step in bird targets detection. Therefore, it is essential to construct a pure background image. Since the background changes with time due to variations of surrounding environment, the background image is usually built up as a time averaged version of the input image sequence with programmable time constant in engineering applications.
After background subtraction, there is still a large quantity of clutters in the image, especially much marginal clutter randomly distributed around the edge of the background, so further clutter suppression is absolutely necessary. Threshold calculation is the basic step for clutter suppression, since if the thresholds are too high no targets will be seen and if the thresholds are too low the system will be swamped with false alarms from clutter. A fixed threshold is the simplest and most efficient method, but does not provide any dynamic response to changes in the input images. So, cell-averaged constant false alarm rate (CFAR) method is used to select threshold value adaptively. The threshold is based on the average value of a local area around the sample of interest, automatically responding to dynamic changes in the input image.
After the above two steps, isolated bright areas are left in PPI radar image, whose information is extracted by region labeling and area measurement. By means of region labeling, pixels of each disconnected target area in the binarised PPI image are labeled with the same number. On this basis, center coordinates (ρ, θ) and the sizes of each target represented by pixel number n are extracted.
After the above processing steps, measurements are still mixed with some false alarms since threshold is usually set comparatively low. In order to minimise false alarms, a PF based tracking module is added to the algorithm. The tracking problem is complicated because we do not know which measurements are associated with the existing track, and which measurements are due to clutter. So before standard filtering technique (e.g. Kalman Filter) is applied for each target, data association is necessary.
Data fusion is the last step of the algorithm. In this step, the processed data are displayed on background image in real time and also recorded to databases for detailed post-processing and further analysis. by "•" and clutters by "×" in polar coordinates. The smoothed trajectory shows that the aircraft is moving slowly to the apron.
Flying bird tracking
Another series of 26 PPI images with measurement range of 0·5nmi were collected on the north bank of Shahe Reservoir on 29 March 2007. The tracking target is a small bird flying across the reservoir. Figure 6 (a) is the raw radar image with the target indicated, and Fig.  6(b) is the processed fusion image. Radar detecting range partly depends on the radar cross section (RCS) of the targets of interest. Single bird typically has mean RCS from 1cm 2 to 100cm 2 , which is even smaller than that of a stealth aircraft (11) . Under such conditions, segmentation in the step of clutter suppression has to be set low enough to detect target due to its weak echo signal, and the clutters introduced meanwhile are rejected by PF based tracking algorithm.
CONCLUSIONS
A new technique for target tracking in cluttered environment from PPI radar images has been proposed. The technique is based on the use of PF based data association, Kalman filtering and smoothing methods. Results obtained by processing live PPI images have also been shown. The analysis on live data proved that the overall tracking scheme is effective for low-cost radar surveillance system. However, radar target tracking is a so sophisticated problem due to the variation of target number, the death of existing targets, the birth of new targets and clutter interference. Such knowledge is still very rarely available in practice, so intensive model has to be built to associate measurements with all known and potential targets and then standard filtering technology can be used for estimating the states of the targets independently. Therefore, unknown birth and death events need to be considered in future work. Otherwise, the technique proposed in this paper belongs to research scope of radar data processor, which is based on echo data obtained by signal processor. The technique is effective for targets moving in area with less clutters, and useless when targets of interest move in the area dominated by background. Under this condition, the detecting and tracking of targets from strong background clutters can only be achieved by Doppler radars.
